Hydrogen silsesquioxane ͑HSQ͒ is used as a high-resolution, negative-tone, inorganic electron-beam resist for use in nanoimprint lithography. Previous studies show that 1 week long exposure delay in air decreases sensitivity and enhances the contrast of HSQ ͓F. C. M. J. M. van Delft, J. Vac. Sci. Technol. B 20, 2932 ͑2002͔͒. In this work, the authors report that the electron-beam dose required for high-resolution ͑sub-50-nm͒ HSQ patterning is shown to be very sensitive to the time the sample has been at room temperature. For example, a sample written with nanoscale features at constant e-beam dose will increase in size approximately 66% per hour of time at room temperature. The minimum feature size for a given dose depends on the ambient conditions the sample was stored in ͑air, nitrogen, vacuum͒. Samples stored in vacuum are not exempt from the feature broadening. Long e-beam writing times for large-area patterning of nanoscale features will likely suffer from this time dependence unless the exposure dose is varied during the e-beam writing. The experiments relating the various ambient conditions and the minimum feature size under dose control are presented.
I. INTRODUCTION
The world today has seen a huge explosion in the area of storage and processing of electrical information. To keep up with the demand of larger capacity, faster processing speed, and lower prices, engineers have had to develop novel ways of creating features at the sub-50-nm scale. Typical highresolution lithographic techniques, capable of creating sub-50-nm features, are often slow and expensive if the processed area is large. For example, patterned magnetic media for future hard drives may require 5 cm 2 of sub-50-nm features. Nanoimprint lithography ͑NIL͒ may provide the required resolution and process area, coupled with potentially low cost and fast turnaround, to produce future devices such as patterned magnetic media. NIL is the process of physically displacing matter to create patterns at the nanoscale. 1 Nanoimprint lithography requires an imprinter with the desired nanoscale features. The imprinter itself can be fabricated using more traditional lithography techniques, such as electron-beam lithography ͑EBL͒.
There are many ways of using EBL to create imprinters for the NIL process. One way is by using a positive resist and depositing metal. Removing the resist and etching the nonmetal parts produces the desired result. On the other hand, a simpler alternative could involve a negative resist, such as hydrogen silsesquioxane ͑HSQ͒. HSQ is an almost SiO 2 -like material which can be patterned using EBL.
2, 3 Its glasslike rigidity makes it a suitable material for imprinter fabrication, hence eliminating the need for steps such as metal deposition and etching.
Studies have shown that over 1 week ͑Ref. 4͒ and 2 week ͑Ref. 5͒ long processes, air has had an effect on the sensitivity and contrast of EBL patterned on HSQ. There have also been accounts of HSQ sensitivity changing over a smaller period of time during the EBL process. In small periods of e-beam writing time, e.g., 1 h, HSQ features showed a time dependency. 6 These findings prompted the following experiments investigating the effects that HSQ storage in different atmospheres has on the sensitivity of HSQ during 1 h long sessions of EBL.
II. EXPERIMENT
Three separate environments ͑air, nitrogen, and vacuum͒ were used to evaluate the time-dependent exposure dose of Fox-12 HSQ ͑Ref. 7͒ during EBL. The first test was in an air environment. A silicon wafer was spin coated with HSQ for 30 s at 3000 rpm using a Laurel Technologies spinner. The resulting thickness of the Fox-12 solution was 135 nm. The sample was then prebaked on a hot plate at 250°C for 3 min. The HSQ was exposed in a Leo 1530VP scanning electron microscope ͑SEM͒ fitted with nanometer pattern generation system ͑NPGS͒ capabilities for EBL. The sample was exposed at 30 kV with a beam current of 407.3 pA and developed in a 1:3 ratio NaOH:de-ionized water for 4 min and blown dry with nitrogen.
The nitrogen and vacuum samples were prepared in a glove box. The sample, HSQ, spinner, and hot plate were all placed in the glove box. Since house vacuum is half atmosphere, the glove box was purged three times with nitrogen to reduce water molecules which may affect HSQ. For the nitrogen sample, the atmosphere in the glove box consisted of nitrogen. For the vacuum sample, the glove box was kept under vacuum. The same procedure for the air sample was repeated for the nitrogen and vacuum samples. After each sample was prebaked, they were transported to the SEM in a container, with their respective atmosphere ͑air, nitrogen, or vacuum͒. The samples were removed from the container, placed on the e-beam writing stage, and loaded into the a͒ Electronic mail: krchnavek@rowan.edu SEM, which took approximately 20 s. This was the only time the nitrogen and vacuum samples were exposed to another atmosphere other than their ambient conditions before being place in the SEM vacuum. The SEM was then placed under vacuum to begin the e-beam writing process. The same e-beam exposure and development steps were used for each sample.
Additional samples were made and stored in air, nitrogen, and vacuum for 8, 24, 48, and 120 h time periods to determine the impact of longer-term storage on feature size. During that time they were not tampered with; they just sat in their atmospheres for extended periods of time. After the 8 h time period was up, the sample was transported and placed in the SEM as described earlier. The sample was e-beam written with the same pattern as the previous samples and developed. This was duplicated for the 24, 48, and 120 h time periods.
The pattern for electron-beam writing, shown in Fig. 1 , was designed with a range of point doses from 20 to 59 fC. The pattern consisted of a grid of five squares by eight squares, each 100ϫ 100 m 2 in size and 50 m apart. Each square was exposed with a different point dose, yielding an array of dots with a pitch of 400 nm. These dimensions were chosen to eliminate proximity effects between the different doses. This pattern was e-beam written in the HSQ five times, each 15 min apart. The finished HSQ sample was imaged on the 26 fC pattern for each time it was run to determine the change in pillar diameter over time.
For the first experiments we processed the HSQ in air ambient prior to EBL. Moving the sample from processing to the NPGS/SEM took 15 min before the sample was placed in the vacuum chamber. The e-beam writing did not commence until 15 min after the sample was placed in the chamberthis includes pumping time, focusing, current determination, and planar mapping. The samples were e-beam written for 1 h and took 15 min to develop and postprocess. The longerterm samples were moved in the same way and e-beam written only once, and then went through the same development and postprocessing. All samples were sputter coated with approximately 10 nm of gold for subsequent imaging to determine the feature size. Using the SEM, the feature diameters were determined at a 26 fC point dose looking straight down on the sample to determine the feature size. The same experiments were run for both nitrogen and vacuum atmospheres for spinning and prebaking.
III. RESULTS
All measurements were taken from the 100ϫ 100 m 2 area at the 26 fC dose point. This 26 fC dose point was chosen because of previous e-beam writing experience obtained for NIL purposes. 8 All the samples showed an increase over the 1 h writing time. Fifteen points were taken from the 26 fC area at each 15 min marker, for 0 -60 min. The zero time in the graphs represent the time the first e-beam written pattern started. This would be after all preprocessing, mounting, and setting up. The 15 min marker was the start of the same pattern written on a different part of the sample 15 min after the previous sample had started. This continued for the full hour and is consistent through all the samples. Figure 2 shows scanning electron micrographs of the samples after e-beam writing and postprocessing and Fig. 3 shows the 26 fC feature size as a function of e-beam writing time for the three different ambients. Each data point is the mean of 15 data points.
The sample in air showed the most increase over the writing time. The first 26 fC area ͑noted as the zero time͒ had a mean diameter of 31 nm, while the final 26 fC area ͑noted at the 60 min mark͒ showed feature sizes of 53 nm in diameter.
The samples ran in nitrogen showed a slower increase, compared to air, over the 1 h period. The first 26 fC area showed the features to be approximately 30 nm in diameter, while the last 26 fC area showed feature sizes of 47 nm in diameter.
The samples ran in vacuum showed a slower increase, compared to nitrogen, over the 1 h period. The first 26 fC area showed the features to be about 28 nm, while the final 26 fC area showed feature sizes of 45 nm.
It can be seen that the smallest feature sizes over time correspond to preprocessing under vacuum, while air ambient conditions yield larger features. We can also see that the first 26 fC dose, corresponding to a time of 0 min, for all three conditions has approximately the same feature size. This leads to the conclusion that the mechanism affecting HSQ sensitivity occurs over time but also depends on the conditions used to prepare the films for writing.
We next consider the samples prepared to determine the effects of longer-term storage. Figure 4 shows the change in feature size for samples prepared in air, nitrogen, and vacuum. A range of points was used giving us a mean for the size of the features. This graph shows a larger feature size for samples kept in air, with a decrease in size for nitrogen and the smallest size from the vacuum samples. We see the feature size increase and eventually level out at some sort of saturation point. From Fig. 4 we see that keeping the samples in vacuum during preprocessing yields a smaller change in feature size over time periods up to 120 h. However, even an 8 h delay in processing produces feature sizes that are almost 60% larger than films that are processed immediately after being prepared.
The problems with HSQ involving sensitivity have been explored in Refs. 4, 9, and 10 as well as others. There is evidence to suggest that HSQ can be affected by small contaminants, which are absorbed in the HSQ layers. These contaminants impede the network formation of HSQ during exposure. 4 For the air process, contaminants are readily available, especially with the presence of water. The vacuum sample should have fewer constituents that may affect the sensitivity but as pointed out earlier, the house vacuum was not a strong vacuum. Probably one of the most surprising results is the nitrogen sample. The nitrogen gas ͑99.998%, H 2 O Ͻ 5 ppm, O 2 Ͻ 5 ppm͒ has low water content and should have fewer contaminants than the vacuum sample, but even the nitrogen sample exhibited the time-dependent sensitivity. These results show a need for great care during the time of soft bake to exposure.
IV. CONCLUSION
In these experiments we have shown the sensitivity of HSQ in different atmospheric environments. Preprocessing in air seems to reduce the sensitivity of HSQ more than nitrogen and vacuum, which give the least amount of difference when utilizing EBL. During a 1 h e-beam writing session, the feature size can easily increase by 60%. The results are even worse if there is a delay between sample preparation and e-beam writing, going over a 100% increase in feature size. Contaminants are likely a factor in the processing of HSQ and can affect the outcome of e-beam written features over time. From this we learn that for reliable EBL results, preprocessing of HSQ in vacuum or nitrogen is recommended to reduce the increase in feature size over e-beam writing time and samples should be e-beam written immediately after preparation. Further control of feature size may require time-dependent dose control. 
